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MotA and MotB form the proton-channel complex of the proton-driven bacterial ﬂagellar motor. A
plug segment ofEscherichia coliMotB suppresses proton leakage through the MotA/B complex when
it is not assembled into the motor. Using a ratiometric pH indicator protein, pHluorin, we show that
the proton-conductivity of a Salmonella MotA/B complex not incorporated into the motor is two
orders of magnitude lower than that of a complex that is incorporated and activated. This leakage
is, however, signiﬁcant enough to change the cytoplasmic pH to a level at which the chemotaxis sig-
nal transduction system responds.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The ﬂagellum of Escherichia coli and Salmonella enterica is a
rotary motor powered by the proton motive force across the
cytoplasmic membrane. MotA and MotB form the stator complex
of the motor in the cytoplasmic membrane, which functions as a
proton channel to couple proton ﬂow to torque generation [1]. A
highly conserved aspartic acid residue of Salmonella MotB, Asp-
33, plays an important role in the proton-relay mechanism [2–4].
Cell growth is not impaired by over-expression of either E. coli
MotA/B or MotA alone [5,6]. In contrast, an in-frame deletion of
residues 51–70 within the periplasmic domain of E. coliMotB, a re-
gion which is highly conserved among the MotB family, causes
considerable proton leakage, thereby arresting cell growth [7]. This
result suggests that the deleted region acts as a plug that interferes
with proton channel formation, resulting in suppression of unde-
sirable proton ﬂow through the channel when the MotA/B complex
is not assembled into the motor. Interestingly, however, neither
motility nor cell growth is signiﬁcantly impaired by in-frame dele-
tion of residues 51–100 in Salmonella MotB, which contains thechemical Societies. Published by E
of Frontier Biosciences, Osaka
apan. Fax: +81 6 6879 4652
amino), keiichi@fbs.osaka-u.putative plug segment [8,9]. Therefore, it is not clear how the pro-
ton-conductivity of the Salmonella MotA/B complex is regulated.
In this study, we expressed pHluorin in Salmonella cells to study
the effect of varying copy numbers of MotA/B and its unplugged
variant on intracellular pH change to assay the proton-conductivity
of the plugged and unplugged MotA/B complex. We show that the
plug segment of SalmonellaMotB suppresses proton leakage. How-
ever, the suppression is not very tight. Therefore, over-expression
of the intact MotA/B complex results in a small decrease in the
cytoplasmic pH that is sufﬁcient to bias the motor towards CW
rotation.
2. Materials and methods
2.1. Bacteria, plasmids and media
Bacterial strains and plasmids used in this study are listed in
Table 1. Salmonella strains MMPH001 (DaraBAD::pHluorin) and
YVM021 (DﬂiC::pHluorin) were constructed using the k Red homol-
ogous recombination system [10]. MMPH001, which is wild-type
for motility and chemotaxis, expresses the pHluorin gene from
the araBAD promoter on the chromosome. The ﬂiC gene is replaced
with the pHluorin gene in the YVM021 strain, in which the expres-
sion of pHluorin is under control of the ﬂiC promoter. L-broth,
T-broth, tryptone semi-solid agar plates and motility mediumwere
prepared as described previously [11].lsevier B.V. All rights reserved.
Table 1
Strains and plasmids used in this study
Strains and
plasmids
Relevant characteristics Source or
reference
Salmonella
SJW1103 Wild type for motility and
chemotaxis
[17]
SJW2241 DmotA-motB [18]
MMPH001 DaraBAD::pHluorin This study
MMPH001-46 DaraBAD::pHluorin, ﬂiCD(205–293) This study
YVM021 DﬂiC::pHluorin This study
Plasmids
pTrcc99A Cloning vector GE Healthcare
pKK223-3 Cloning vector GE Healthcare
pBAD24 Cloning vector [19]
pKSS13 pKK223-3/MotA+MotB S. Sugiyama
pKSS13(D33N) pKK223-3/MotA+MotB(D33N) S. Kojima
pNSK9 pTrc99A/MotA+MotB [13]
pTSK30 pTrc99A/MotA+MotB(D51–100) [9]
pTSK30(L119P) pTrc99A/MotA+MotB(D51–100/
L119P)
[9]
pTSK30(L119E) pTrc99A/MotA+MotB(D51–100/
L119E)
[9]
pYC20 pBAD24/MotA+MotB This study
pYC109 pBAD24/MotA+MotB(D52–71) This study
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Immunoblotting with polyclonal anti-MotA and anti-MotB anti-
bodies was carried out as described before [12].
2.3. Bead assay for motor rotation
Bead assays for motor rotation speed and directional switching
were carried out as described [13], using polystyrene beads withFig. 1. Effects of deletion of the plug segment of Salmonella MotB on cell growth and pr
MotA/B, indicated as WT) (open circles) or pTSK30 (MotA/B(D51–100), indicated as D51–
optical density at 600 nm (OD600) was measured. (B) Growth curve of SJW2241 expressing
circles). The arrow indicates the time when 1 mM arabinose was added. (C) Immunobl
transformed with the pBAD24-based plasmids: lane 1, SJW1103 (Wild-type) carrying pBA
pYC109 (D52–71). (D) Measurement of the intracellular pH of YVM021 cells (DﬂiC::
expression at an external pH of 5.5.diameters of 0.8 lm and 1.5 lm (Invitrogen). The measurements
were done at 25 C.
2.4. Spectroscopy of pHluorin for intracellular pH measurement
Intracellular pH measurements were carried out at an external
pH value of 5.5 using ratiometric pHluorin, a pH-sensitive green
ﬂuorescent protein [14], as described before [15]. To generate the
calibration curve, the 410/470-nm excitation ratios of puriﬁed
pHluorin were determined at different pH values (Supplementary
Fig. 1). The ﬂuorescence-excitation spectra of MMPH001 or
YVM021 expressing MotA/B and its mutants were recorded on a
ﬂuorescence spectrophotometer (RF-5300PC, Shimazu). The 410/
470-nm excitation ratios were calculated and converted to pH val-
ues based on the calibration curve.
3. Results
3.1. Effect of the plug segment of MotB on the proton-conductivity of
the MotA/B complex
In-frame deletion of residues 51–100 in Salmonella MotB does
not affect cell growth although the conserved plug segment is
missing [8,9]. To conﬁrm this, we measured the growth rate of Sal-
monella cells over-expressing the MotA/B(D51–100) complex and
observed no growth impairment (Fig. 1A), indicating that a proton
channel is not formed. Then, to test whether the plug segment sup-
presses proton leakage through Salmonella MotA/B complex in the
similar way to that observed in E. coli MotB, an in-frame deletion
variant of MotB, MotB(D52–71) missing residues 52–71, was co-
expressed with MotA from the pBAD24-based plasmid. Cell growth
was totally inhibited by induction of MotA/B(D52–71) but not by
MotA/B (Fig. 1B), even though the expression level of MotA/oton leakage. (A) Growth curve of SJW2241 (DmotAB) harboring pNSK9 (wild-type
100) (closed circles). The arrow indicates the time when 1 mM IPTG was added. The
wild-type MotA/B (open circles) or MotA/B(D52–71) (indicated asD52–71) (closed
otting, using polyclonal anti-MotB antibody, of total proteins from Salmonella cells
D24 (V); lane2, SJW2241 transformed with pYC20 (WT); lane 3, SJW2241 harboring
pHluorin) using the pHluorin probe after induction of MotA/B or MotB(D52–71)
Fig. 2. Effects of the L119P and L119E mutations on cell growth and proton leakage.
(A) Growth curve of SJW2241 transformed with pTSK30 (MotA/B(D51–100)) (open
circles), pTSK30(L119P) (MotA/B(D51–100/L119P), indicated as D51–100/L119P)
(closed squares) or pTSK30(L119E) (MotA/B(D51–100/L119E), indicated as D51–
100/L119E) (closed triangles). The arrow indicates the time when 1 mM IPTG was
added. (B) Immunoblotting, using polyclonal anti-MotB antibody, of total proteins
from the same transformants. (C) Measurements of intracellular pH of YVM021
cells carrying pTrc99A(V), pTSK30 (D51–100), pTSK30(L119P) or pTSK30(L119E) at
an external pH of 5.5.
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the same vector and almost the same as that of MotA/B expressed
from the chromosome (Fig. 1C).
To test whether the growth arrest is a consequence of proton
leakage, we measured intracellular pH at an external pH value of
5.5 (Fig. 1D). While the intracellular pH of the cells expressing
MotA/B from the plasmid did not change signiﬁcantly after induc-
tion with arabinose, the intracellular pH decreased by approxi-
mately 0.35 units in 15 min, and 0.6 units in 60 min, after
induction of MotA/B(D52–71). This ﬁnding is consistent with pre-
vious data [7]. Thus, residues 52–71 of SalmonellaMotB are critical
for preventing proton leakage before association of the MotA/B
complex with a motor.
3.2. Effect of the L119P and L119E mutations of MotB on the proton-
conductivity of the MotA/B(D51–100) complex
It has been shown that cell growth is severely impaired when
MotB(D51–100) with the L119P or L119E mutation is co-expressed
with MotA [9]. To test whether the growth impairment results
from proton leakage, we measured the intracellular pH. In agree-
ment with a previous report [9], over-expression of MotA/
B(D51–100/L119P) and MotA/B(D51–100/L119E) resulted in sig-
niﬁcant growth impairment (Fig. 2A), although the expression lev-
els of the double-mutant proteins were slightly less than that of
MotB(D51–100) (Fig. 2B). The intracellular pH of the cells over-
expressing MotA/B(D51–100) with either of these point mutations
dropped by ca. 0.32 units in 15 min after their induction, whereas
no signiﬁcant change in the intracellular pH of the MotA/B(D51–
100)-expressing cells was observed (Fig. 2C). Interestingly, the
drop in intracellular pH caused by MotA/B(D51–100) with the
L119P or L119E mutation was smaller than that by MotA/B(D52–
71). These results suggest that the L119P and L119E mutations al-
ter a conformation of the MotA/B(D51–100), allowing protons to
ﬂow through the proton channel of the MotA/B(D51–100) to a con-
siderable degree, as suggested before [9].
3.3. Multicopy effect of the MotA/B complex on proton leakage
Accumulation of MotA/B in the cytoplasmic membrane up to a
level of 5-fold greater than normal did not cause any proton leak-
age (Fig. 1). Therefore, we investigated the effect of further in-
creases in the copy number of MotA/B on intracellular pH
change. Quantitative immunoblotting revealed that the expression
level of MotA/B from a plasmid, pKSS13, was about 50-fold higher
than the chromosomal level (Fig. 3A). At this level of expression, no
signiﬁcant growth impairment was observed (Supplementary
Fig. 2). The intracellular pH was then measured in the MMPH001
cells transformed with pKSS13. Since it has been shown that the
D33N mutation in MotB abolishes proton translocation through
the MotA/B complex [4], we used a plasmid, pKSS13(D33N), which
encodes MotA/B(D33N), as a negative control. The amounts of
MotA and MotB(D33N) expressed from pKSS13(D33N) were essen-
tially the same as those from pKSS13 (Fig. 3A). There was a drop in
the intracellular pH of 0.16 units for the MotA/B-expressing cells,
but no change was observed with the MotA/B(D33N)-expressing
cells (Fig. 3B), indicating that the small decrease in the intracellular
pH by overproduced MotA/B is a consequence of the remaining
proton conductivity of the plugged channel.
3.4. Multicopy effect of the MotA/B complex on the motility of wild-
type cells
It has been shown that proton leakage caused by deletion of the
plug segment in MotB results in a strong CW bias in motor rotation
[7]. Therefore, we investigated whether overproduction of MotA/Binﬂuences motility of wild-type cells in semi-solid agar plates.
When MotA/B was overproduced, the colony size decreased signif-
icantly compared to the vector control (Fig. 4A). Since cell growth
was not impaired by over-expression of the MotA/B (Supplemen-
tary Fig. 2), we conclude that the reduced colony size is not a con-
sequence of the growth impairment.
MotA interacts with the switch protein FliG, which is not only
responsible for torque generation and switching of rotational
direction of the motor, but is also needed for export of ﬂagellar
proteins [1]. Excess MotA/B might titrate FliG away from the mo-
tor, resulting in inhibition of the protein export process. To test this
possibility, we analyzed ﬂagellar protein export by immunoblot-
ting and found that the levels of secreted ﬂagellar proteins were
not affected by overproduction of MotA/B (data not shown). This
result indicates that the poor swarming is not due to reduction
in the export of ﬂagellar proteins. Furthermore, high-intensity
dark-ﬁeld light microscopy revealed that ﬂagellation and the
swimming speed were normal in cells over-expressing MotA/B
(data not shown).
We next investigated whether the decrease in chemotactic ring
expansion results from either a reduced torque or a CW bias in mo-
tor rotation. We carried out beads assays for quantitative charac-
Fig. 3. Effect of different levels of MotA/B expression on intracellular pH changes.
(A) Immunoblotting, using polyclonal anti-MotA and anti-MotB antibodies, of
whole-cell proteins of MMPH001 (DaraBAD::pHluorin) harboring pKK223-3 (V),
pKSS13 (MotA/B) or pKSS13(D33N) (MotA/B(D33N)). To estimate the level of MotA/
B, samples of MMPH001 with pKSS13 were diluted at 1/10, 1/50, and 1/100 (lower
panel). (B) Measurements of intracellular pH for the same transformants at external
pH 5.5.
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with 0.8 lm beads and 20–25 Hz with 1.5 lm beads, with or with-
out overproduction of MotA/B (data not shown), indicating that
torque generation is not affected. The motors of the cells carrying
the vector rotated exclusively CCW under our experimental condi-
tion (Fig. 4B, left panel). In contrast, the cells overproducing MotA/
B switched the direction of motor rotation frequently and stayed in
CW rotation for much longer periods of time (Fig. 4B, right panel).Fig. 4. Multicopy effect of MotA/B on motility of wild-type cells. (A) Colonies of MMPH00
solid agar. Plates were incubated for 6 h at 30 C. (B) Measurement of CCW and CW rotTumbling cells were consistently more often observed in liquid
media when MotA/B was over-expressed.
Chemotaxis occurs through changes in the CCW-CW bias of the
motor rotation [1]. We therefore introduced a DcheA-cheZ deletion,
which causes motors to rotate only in the CCW direction, and
found that the motor rotation of the cells overproducing MotA/B
remained exclusively CCW (data not shown). These results suggest
that the decrease in colony expansion seen in semi-solid agar re-
sults from an increased probability of tumbling.
3.5. Effect of small intracellular pH changes on Salmonella motility
To further investigate whether Salmonella cells actually respond
to decreases in the intracellular pH as small as 0.16 units, we ana-
lyzed motility and intracellular pH at an external pH value of 7.0 in
the presence of varying concentrations of potassium benzoate.
Benzoate is able to cross the cytoplasmic membrane in the neutral
form and then release a hydrogen ion, thereby lowering the intra-
cellular pH [16]. The colony size in semi-solid agar decreased as the
concentration of benzoate was increased (Fig. 5A). In agreement
with a previous report [16], such impaired motility results from
an increase in the probability of tumbling (data not shown). Intra-
cellular pH also decreased as the benzoate concentration increased
(Fig. 5B). Benzoate did not affect the ﬂuorescence-excitation spec-
tra of pHluorin (data not shown). These results indicate that a
small change in intracellular pH affects chemotaxis.
4. Discussion
The MotA/B complex acts as a proton channel of the proton-dri-
ven ﬂagellar motor. Since in-frame deletion of residues 51–70 in
E. coli MotB, a region just after the MotB-TM, causes signiﬁcant
proton leakage and arrests cell growth, the deleted region has been
proposed to act as a plug that prevents the MotA/B complex from
leaking protons before it assembles into the motor [7]. However,
in-frame deletion of residues 51–100 in Salmonella MotB, which
contain the putative plug segment, does not affect cell growth,
although MotA/B(D51–100) is still functional as the stator [8,9].
Therefore, we analyzed the role of the plug segment in Salmonella
MotB and found that in-frame deletion of residues 52–71 causes a
considerable decrease in the intracellular pH and arrests cell
growth (Fig. 1). This suggests that the deleted segment acts as
the plug in a similar way to the corresponding region of E. coli
MotB. Since the expression level of MotA/B(D52–71) from the plas-1 cells were transformed with pKK223-3 (V) and pKSS13 (MotA/B) in tryptone semi-
ation of a ﬂagellar motor using the bead assays.
Fig. 5. Effects of motility and intracellular pH on wild-type cells in the presence of
various concentrations of potassium benzoate at external pH 7.0. (A) Colonies of
MMPH001 cells in tryptone semi-solid agar at pH 7.0 with 0, 5, 10, and 20 mM
potassium benzoate. Plates were incubated at 30 C for 6 h. (B) Intracellular pH was
measured with the pHluorin probe.
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MotA/B, the proton-conductivity of unplugged MotA/B seems to
show its full channel activity, thereby stopping growth.
Growth was not impaired by over-expression of MotA/B(D51–
100) (Fig. 1A), in agreement with a previous report [9], indicating
that a proton channel of the MotA/B(D51–100) complex is not
formed although the plug is missing. It has been shown that the
introduction of the L119P or L119E substitution into MotB(D51–
100) causes growth impairment [17]. Consistently, these muta-
tions at Leu-119 allowed MotA/B(D51–100) to leak protons to a
signiﬁcant degree (Fig. 2). Therefore, it is possible that some other
region within the periplasmic domain of MotB regulates proper
proton channel formation at least in the MotB(D51–100) protein,
as suggested before [9].
To compare the proton conductivities between plugged and un-
plugged MotA/B, we analyzed the effect of varying copy numbers
of MotA/B on motility, motor function and intracellular pH. An in-
crease of 50-fold in the expression level of MotA/B impaired che-
motaxis in semi-solid agar, and decreased the intracellular pH by
0.16 units. These cells also a strong CW-bias in motor rotation
(Figs. 2 and 3). CW-biased rotation was not observed in a DcheA-
cheZ non-chemotactic and smooth-swimming mutant (data not
shown), providing additional evidence that over-expression affects
motility by changing chemotaxis behavior. From the expression le-
vel of MotA/B and the decrease in the intracellular pH, the proton
conductivity of MotA/B not incorporated into the motor is esti-
mated to be two orders of magnitude lower than that of the un-
plugged, activated channel, but it is signiﬁcant enough to change
the cytoplasmic pH sufﬁciently to evoke a repellent response.
Fifty-fold over-expression of the MotA/B resulted in a small pro-
ton leakage (Fig. 3), indicating that the conserved plug segment in
MotB does not tightly suppress proton leakage. There are two pos-
sible reasons: (1) the plug may breathe in and out of the cytoplas-
mic membrane, as suggested by Hosking et al. [7], or (2) even with
the plug place in there is some leakage.
Finally, we show here that a change in the intracellular pH as
small as ca. 0.2 units can be detected either by pHluorin expressed
in the cell or by the chemotaxis signal transduction system of Sal-
monella. This observation suggests that the proton conductivity of
potential, but unproven, transmembrane proton channels and con-
ductors may be done easily and quickly by expressing the proteins
to be characterized in Salmonella cells expressing cytoplasmicpHluorin. Therefore, the Salmonella MMPH001 strain can be used
as a potentially powerful tool for determining of the proton-con-
ductivity of membrane proteins.
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